Chronic intermittent hypoxia (CIH) in obstructive sleep apnea causes damages of aortic endothelial cells, which predisposes development of many cardiovascular diseases. Recently, both altered expression of microRNAs (miRNAs) and impaired autophagy were found to be associated with endothelial cell dysfunction in CIH. However, the exact molecular regulatory pathway has not been determined. Here, we addressed this question. In a mouse model of CIH, we detected significant upregulation of miR-30a, a miRNA that targets 3′-UTR of autophagy-associated protein 6 (Beclin-1) mRNA to suppress the protein translation, which subsequently attenuated the endothelial cell autophagy against cell death. Indeed, unlike Beclin-1 mRNA, the Beclin-1 protein in endothelial cells did not increase after CIH. Suppression of miR-30a by expression of antisense of miR-30a significantly increased Beclin-1 levels to enhance endothelial cell autophagy in vitro and in vivo, which improved endothelial cell survival against CIH. Together, these data suggest that endothelial cell autophagy in CIH may be attenuated by miR-30a-mediated translational control of Beclin-1, as an important cause of endothelial cell dysfunction and damage.
INTRODUCTION
Obstructive sleep apnea (OSA) is a prevalent sleep disorder that causes repetitive collapse of the upper airway, asphyxia, oxygen desaturation and chronic intermittent hypoxia (CIH) [1] . OSA is an independent risk for cardiovascular diseases, e.g. systemic arterial hypertension, ischemic heart disease, cardiac arrhythmias, metabolic disorders, and cognitive dysfunction, likely owing to its associated CIH and re-oxygenation processes [2] .
The pathogenesis of OSA-induced cardiovascular diseases has been found to involve endothelial dysfunction secondary to oxidative stress and activation of inflammation [3] . The most important feature of endothelial dysfunctions are endothelial cell damage and impaired stimulated vasodilatation, as a precursor of atherosclerosis in human [2] .
Upon injury, autophagic machinery is activated to endothelial cell to contradict the apoptotic progressive cell death [4] . The failure or inhibition of autophagy results in augmentation of endothelial cell apoptosis, leading to the break-down of the integrity of endothelium to facilitate endothelial dysfunction [5] . During autophagy, cytoplasmic constituents are sequestered and targeted for lysosomal degradation and re-cycling by autophagosomes, in which a cytosolic form of microtubule-associated www.impactjournals.com/oncotarget/ Vol.9, (No.1), Supplement 1, pp: s253-s262
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Oncotarget s254 www.impactjournals.com/oncotarget protein 1A/1B-light chain 3 (LC3), LC3-I, is transformed and exhibits as LC3-phosphatidylethanolamine conjugate (LC3-II) [5] . Since the ratio of LC3-II to LC3-I is strictly consistent with the cellular autophagic activity, it is thus used as an indicator of autophagy level in cells [6] . Many proteins coordinate the occurrence and progression of autophagy [6] . Some of these proteins are called autophagy-associated protein, among which Beclin-1 (or ATG6) is a critical one [6] . Previous studies have shown that Beclin-1 controls the initiation of autophagy. Moreover, apoptosis-related caspases were recently shown to cleave Beclin-1 to terminate its pro-autophagic activity [7, 8] . On the other hand, the C-terminal fragment of Beclin-1 cleaved by caspases could amplify mitochondrion-mediated apoptosis, which appeared to be a feedback for caspase activity on Beclin-1 [7, 8] . These molecular crosstalk between Beclin-1 and caspases appears to be a link for interaction between autophagy and apoptosis, which highlights the important of Beclin-1 in control of cell death and survival.
MicroRNAs (miRNAs) are small non-coding RNAs that repress protein translation through their interaction with the 3′-untranslated region (3′-UTR) of the target mRNAs [9] . Interestingly, miRNAs were found to play very critical roles in autophagy [9] , and in control of the expression of Beclin-1 [10] [11] [12] [13] [14] [15] . Specifically, miR-30 has been shown as a Beclin-1-targeting miRNA [16] [17] [18] [19] [20] [21] [22] . Nevertheless, a role of miR-30 on endothelial cell autophagy in the regulation of CIH or OSA has not been studied.
Here, we addressed this question. In a mouse model of CIH, we detected significant upregulation of miR-30a, which subsequently attenuated the endothelial cell autophagy against cell death through Beclin-1 suppression. Suppression of miR-30a by expression of antisense of miR-30a significantly increased Beclin-1 levels to enhance endothelial cell autophagy in vitro and in vivo, which improved endothelial cell survival against CIH.
RESULTS

CIH causes increases in apoptosis but no changes in autophagy in mouse aortic endothelial cells
The exact molecular control of endothelial cell autophagy in CIH has not been determined. Here, we addressed this question. First, we performed a wellestablished mouse model of CIH. After 8 weeks, we found that the CIH mice exhibited echocardiographic defects, including significantly increased end-diastolic volume (EDV, Figure 1A ), significantly increased endsystolic volume (ESV, Figure 1B ), significantly reduced percentage of ejection fraction (EF%, Figure 1C) , and significantly reduced percentage of fractional shortening (FS%, Figure 1D ), compared to the control mice (CTL).
Moreover, in the dissected mouse aorta, significantly higher levels of pro-inflammatory factors tumor necrosis factor alpha (TNFa), interferon gamma (INFr), hypoxiainducible factor 1 alpha (HIF1a) and interleukin (IL-6) were detected ( Figure 1E ) were detected in CIH mice, compared to CTL. These data confirmed the successful establishment of the CIH model and CIH-induced cardiac dysfunction in mice.
In order to study CIH-associated endothelial cell autophagy, we isolated CD31+ mouse aortic endothelial cells by flow cytometry in CIH and CTL mice ( Figure  1F ), and found that the endothelia cells from CIH mice contained more apoptotic cells, in an TUNEL assay, shown by representative images ( Figure 1G ), and by quantification ( Figure 1H ). Next, we examined the levels of an apoptosis marker, cleaved caspase 3 (Casp3), and an autophagy marker, LC3, by Western blotting. We found that the Casp3 levels significantly increased in endothelial cells from CIH mice, compared to CTL ( Figure 1I ), confirming the increases in apoptosis by CIH. On the other hand, the LC3 II vs I levels were not significantly increased in endothelial cells from CIH mice, compared to CTL ( Figure 1J ). These are rather unexpected results, since hypoxia insult often cause increases in autophagy, as a resistance of the cells to apoptosis. Hence, we hypothesized presence of inhibitory mechanism of autophagy in CIH.
Autophagy is compensated by miR-30a-suppression of Beclin-1 in endothelial cells at CIH
The aim of this study was to figure out the miRNAcontrol of the endothelial cell autophagy at CIH. Hence, we examined the expression of published miRNAs that are related to autophagy in endothelial cells from CIH and CTL mice (Table 1, Figure 2A ). Among these candidates, we specifically found that miR-30a, a Belcin-1 suppressor, was significantly upregulated in endothelial cells in CIH (Figure 2A ). Bioinformatics showed that miR-30a targets 3′-UTR of Beclin-1 mRNA at one binding site of base pair 94 th to 101 th ( Figure 2B ). Hence, we prepared miR-30-overexpressing plasmids (miR-30a), miR-30a-suppressing plasmids (antisense of miR-30a; as-miR-30a), and null plasmids as a control. Transfection of mouse endothelial cells by these plasmids confirmed their potential in modifying miR-30a levels in mouse endothelial cells ( Figure 2C ). The functional binding of miR-30a to Beclin-1 mRNA was then examined in a dual luciferase reporter assay. The intact 3′-UTR of wildtype Beclin-1 mRNA (Beclin-1 3′-UTR) and the 3′-UTR of Beclin-1 mRNA with a mutant at miR-30a-binding site (Beclin-1 3′-UTR mut) were respectively cloned into luciferase reporter plasmids. Mouse endothelial cells were then cotransfected with one plasmid from miR-30a/as-miR-30a/ null plasmids and one plasmid from either Beclin-1 3′-www.impactjournals.com/oncotarget UTR or Beclin-1 3′-UTR mut, and subsequently subjected to a dual luciferase reporter assay. We found that depletion of miR-30a increased luciferase activity of Beclin-1 3′-UTR, while overexpression of miR-30a reduced luciferase activity of Beclin-1 3′-UTR but had no effects on Beclin-1 3′-UTR mut. These results suggest that miR-30a specifically targets 3′-UTR of Beclin-1 mRNA to inhibit its translation in endothelial cells ( Figure 2D ).
Suppression of miR-30a by as-miR-30a significantly increases CIH-associated endothelial cell autophagy in vitro
Next, mouse endothelial cells expressing asmiR-30a (EC) or null were subjected to an in vitro CIH model. In group 1, null-transfected cells were exposed to normal oxygen (EC/CTL); in group 2, nulltransfected cells were exposed to intermittent hypoxic (EC/IH); in group 3, as-miR-30a-transfected cells were exposed to intermittent hypoxic (EC-as-miR-30a/IH). After treatment, apoptosis of the cells was determined in TUNEL assay. We found that IH significantly increased apoptotic cells, which was significantly attenuated by suppression of miR-30a in endothelia cells, shown by representative images ( Figure 3A) , and by quantification ( Figure 3B ). Next, we examined the levels of Casp3 by Western blotting. We found that the Casp3 levels significantly increased in endothelial cells by IH, which was significantly attenuated by suppression of miR-30a in endothelia cells (Figure 3C), suggesting that the increases in apoptosis by CIH are reduced by miR-30a suppression. In an CCK-8 assay, the viable cell number significantly decreased in endothelial cells by IH, which was significantly attenuated by suppression of miR-30a in endothelia cells ( Figure 3D ). On the other hand, when we examined LC3 for determining autophagy activity, we found that although IH did not significantly altered the LC3 II vs I levels in endothelial cells, suppression of miR-30a significantly increased this ratio ( Figure 3E ). Thus, suppression of miR-30a in endothelial cells enhanced cell autophagy at IH. The levels of Beclin-1 protein in endothelial cells were not altered by IH ( Figure 3F ), but the levels of Beclin-1 mRNA were ( Figure 3G ). Furthermore, suppression of miR-30a in endothelial cells significantly increased Beclin-1 protein in IH ( Figure 3F ), without altering Beclin-1 mRNA ( Figure  3G ), consistent with the abovementioned presence of miR-30a suppression of Belcin-1 protein translation ( Figure 2 ). Thus, suppression of miR-30a by as-miR30a appeared to enhance CIH-associated endothelial cell autophagy in vitro through increasing Beclin-1. The intact 3′-UTR of wildtype Beclin-1 mRNA (Beclin-1 3′-UTR) and the 3′-UTR of Beclin-1 mRNA with a mutant at miR-30a-binding site (Beclin-1 3′-UTR mut) were respectively cloned into luciferase reporter plasmids. Mouse endothelial cells were then co-transfected with one plasmid from miR-30a/as-miR-30a/null plasmids and one plasmid from either Beclin-1 3′-UTR or Beclin-1 3′-UTR mut, and subsequently subjected to a dual luciferase reporter assay. The luciferase activity was determined. 
In group 1, mice did not receive CIH but null virus (CTL); in group 2, mice received CIH and null virus (CIH); in group 3, mice received CIH and as-miR-30a virus (CIH+as-miR-30a). At analysis, we isolated CD31+ mouse aortic endothelial cells by flow cytometry in these mice ( Figure 4A) , and found that the Figure 3 : Suppression of miR-30a by as-miR-30a significantly increases CIH-associated endothelial cell autophagy in vitro. Mouse endothelial cells expressing as-miR-30a (EC) or null were subjected to an in vitro CIH model. In group 1, nulltransfected cells were exposed to normal oxygen (EC/CTL); in group 2, null-transfected cells were exposed to intermittent hypoxic (EC/IH); in group 3, as-miR-30a-transfected cells were exposed to intermittent hypoxic (EC-as-miR-30a/IH). increased endothelia cell apoptosis in CIH mice was significantly attenuated by suppression of miR-30a, in an TUNEL assay ( Figure 4B-4C) , and by Casp3 Western blotting ( Figure 4D ). On the other hand, the unchanged endothelial cell autophagy by CIH was significantly enhanced by miR-30a suppression, evident by LC3 II vs I ratio ( Figure 4E ) and Beclin-1 protein ( Figure 4F ). Thus, suppression of miR-30a by as-miR-30a appeared to enhance CIH-associated endothelial cell autophagy in vivo through increasing Beclin-1. Together, our data suggest that endothelial cell autophagy in CIH may be attenuated by miR-30a-mediated translational control of Beclin-1, as an important cause of endothelial cell dysfunction and damage ( Figure 5 ).
DISCUSSION
OSA is recognized as a significant and highly prevalent health problem with cardiovascular and metabolic morbidity, which is primarily attributable to CIH-associated neurobehavioral impairments, increased cell apoptosis, oxidant stress and inflammation [2] . A previous study has shown the role of miRNAs in CIH as well as the relationship between endothelial cell apoptosis and endothelial dysfunction [23] , but the molecular mechanisms remain undetermined. Very recently, CIH was shown to cause body weight reductions and insulin resistance, seemingly via control of ATG7 [24] . However, this study revealed the involvement of autophagy in the CIH-mediated endothelial cell damage and dysfunction. These previous studies encouraged us to study the association of miss-expressed miRNAs and endothelia cell autophagy in the pathogenesis of CIH.
In a mouse model of CIH, we detected significant increases in endothelial cell apoptosis. However, the endothelial cell autophagy was not altered. Since hypoxia insult often causes increases in autophagy to contradict the enhanced apoptosis, this result was rather surprising and may indicate that the autophagy activation here may be suppressed by some factors associated with CIH. Indeed, in an in vitro model for CIH, uncoupled alteration of Beclin-1 protein and mRNA indicated presence of posttranscriptional control of this key regulator of autophagy. Although post-transcriptional control of a protein involves protein degradation and translation by miRNAs, we focused on the later possibility based on the aim of this study.
We examined the expression levels of published autophagy regulatory miRNAs in endothelial cells from CIH and CTL mice, and found exclusive upregulation of miR-30a by CIH. Interestingly, miR-30a is a well known miRNA that targets 3′-UTR of Beclin-1 mRNA to suppress the protein translation. For example, Lai et al. showed that angiotensin-converting enzyme 2 suppressed harmful action of Doxorubicin and caused a significant improvement of left ventricular contractility function, through upregulation in miR-30, which inhibited Beclin-1 and then reduced LC3-II/I ratio and autophagy in cardiomyocytes [25] . Zhang et al. showed that high-fat-diet-treated mice had significantly lower levels of endothelial cell autophagy, resulting from miR-30 suppression on Beclin-1. Upregulation of miR-30 in endothelial cells by high-fat-diet impair the protective effects of endothelial cell autophagy against development of atherosclerosis [16] . In the current study, this regulatory axis apparently attenuated the endothelial cell autophagy against cell death. Indeed, apoptosis-related caspases were recently shown to cleave Beclin-1 to terminate its proautophagic activity, while cleaved C-terminal fragment of Beclin-1 strengthened mitochondrion-mediated apoptosis [7, 8] . Thus, the control of Beclin-1 here appeared to the key regulator for the balance between cellular apoptosis and autophagy within endothelia cells in responsive to the CIH insult. These findings were further strengthened by in vitro and in vivo loss-of-function experiments for miR-30a, in which depletion of miR-30a by expression of as-miR30a abolished the suppressive effects on endothelial cell autophagy, resulting in improved cardiac function in vivo.
Together, these data suggest that endothelial cell autophagy in CIH may be attenuated by miR-30a-mediated translational control of Beclin-1, as an important cause of endothelial cell dysfunction and damage. 
MATERIALS AND METHODS
Ethics statement
The animal study was approved by the Animal Care and Use Committee of the First Affiliated Hospital of Fujian Medical University. All the animal and experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health.
Animal model for CIH
Male C57BL/6 mice of 8-10 weeks old were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and maintained under sterile conditions and standard animal room conditions (temperature, 22°C; humidity, 55%) with a 12-h: 12-h dark/light cycle and free access to water and food. The CIH protocol has been previously described [26] . Mice were housed in customized cages suppled with either an intermittent hypoxic stimulus or intermittent room air, controlled by a gas delivery port for flow of room air, N 2 , and O 2 into the customized cages. During the 12-h light cycle, O 2 fraction levels was reduced from 21% to 5% over a 30-s period and rapidly re-oxygenated to room air levels using a burst of 100% O 2 from a medical air compressor during the following 30-s period. Room air was delivered to the cages throughout the 12-h dark cycle. Mice were exposed for 8 weeks in either CIH or intermittent air as a control (CTL).
Flow cytometry based isolation of endothelial cells
For analyses and isolation of endothelial cells, the mouse aorta was dissociated by 20 μg/ml trypsin (SigmaAldrich, St. Louis, MO, USA) and 10 μg/ml DNase (Roche, Nutley, NJ, USA) for 40 minutes. Single cell fraction was obtained through a 30μm-filter. Single cell fraction was then incubated with APC-conjugated-anti-CD31 antibody (Becton-Dickinson Biosciences, San Jose, CA, USA) and then sorted on a FACSAria (BectonDickinson Biosciences). Data were presented using Flowjo software (Flowjo LLC, Ashland, OR, USA).
Endothelial cell transfection and transduction
Isolated CD31+ mouse endothelial cells were cultured in Endothelial Cell Media supplemented with endothelial cell growth factors, 10% fetal bovine serum (FBS, Invitrogen, CA, Carlsbad, USA) and 1% penicillin/ streptomycin (Invitrogen) at 37°C with 5% CO 2 . Mouse endothelial cells were transfected with miR-30a mimics, antisense for miR-30a (as-miR-30a) or null as a control (RiboBio Co., Ltd., shanghai, China), using Lipofectamine 3000 (Invitrogen). The transfection efficiency was about 90%. For suppression of miR-30a in vivo, we generated lentiviruses carrying as-miR-30a or null under control of a cytomegalovirus (CMV) promoter. The plasmids for generating these 2 viruses were prepared from a pcDNA3.1-CMV-GFP plasmid (Clontech, Mountain View, CA, USA), using molecular cloning. For lentiviral production, seeded HEK293T cells (American Type Culture Collection, ATCC, Manassas, VA, USA) were cotransfected with 5 μg of the prepared plasmids and 5 μg each of 3 packaging plasmids (REV, pMDL and VSV-G) by Lipofectamine-3000 (Invitrogen). The supernatant was removed 48 hours after transfection and filtered through the 0.45 μm syringe filter, after which the lentivirus in supernatant was isolated for titration. For in vivo delivery, 10 7 viruses were injected into the mouse through tail vein.
In vitro IH treatment of the cells
Purified mouse endothelial cells were treated in serum-free medium for 12 h till synchronization, and then cultured in serum-free medium to prepare for in vitro intermittent hypoxic (IH) treatment. Serum-free culture under normal oxygen conditions was used as the control. In the IH group, the medium was placed in the hypoxia cabin by filling the cabin circulation with 5% CO 2 for 15 s and 1% O 2 for 25 s, totaling 60 cycles. After hypoxic treatment, the medium was washed off, and the mouse aortic endothelial cells were returned to the maintenance medium in the normal incubator for 60-min recovery.
TUNEL assay and immunohistochemistry
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) assay was designed to detect apoptotic cells at the late stages of apoptosis. The method is based on the ability of TdT to label blunt ends of double-stranded DNA breaks independent of a template. The assay was performed using a TUNEL Assay kit (R&D Biosystems, Shanghai, China). Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, Sigma-Aldrich).
Cell viability by cell counting kit-8 (CCK-8) assay
A CCK-8 detection kit (Sigma-Aldrich) was used to measure cell viability. Briefly, cells were seeded in a 96-well microplate at a density of 5000/well. After treatment, CCK-8 solution (20ml/well) was added and the plate was incubated at 37°C for 2 hours. The viable cells were counted at a wavelength of 450 nm.
Real-time quantitative PCR
For real-time quantitative PCR (RT-qPCR), total RNA was extracted from mouse endothelial cells with miRNeasy mini kit (Qiagen, Hilden, Germany). After reverse transcription was done to generate cDNA, RTOncotarget s261 www.impactjournals.com/oncotarget qPCR was performed in triplicate with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Data were collected and analyzed using 2-∆∆Ct method for quantification of the relative mRNA expression levels. Values of genes were first normalized against α-tubulin, and then compared to the experimental controls.
Western blotting and ELISA
The extracted protein was mixed with the buffer solution, boiled, electrophoresed by 10% SDS-PAGE, and transferred to the membrane using the semi-dry transfer method. Primary antibodies are rabbit-anticaspase3 (Abcam, Shanghai, China), rat anti-CD31 (Becton-Dickinson Biosciences), rabbit anti-LC3, rabbitanti-Beclin-1, and rabbit-anti-α-tubulin (Cell Signaling Technology, Danvers, MA, USA). Secondary antibodies are HRP-conjugated against rat or rabbit (Jackson ImmunoResearch Labs, West Grove, PA, USA). Images were collected on the AlphaImager HP Fluorescent and Visible Light Gel Imaging System. The protein levels were first normalized to α-tubulin, and then normalized to the experimental controls. Densitometry of Western blots was quantified with NIH ImageJ software. For ELISA, total protein was isolated and TNFa, IFNr, HIF-1a and IL6levels were determined by ELISA kits (R&D System, Los Angeles, CA, USA).
MiRNA target prediction and 3′-UTR luciferasereporter assay
MiRNA target prediction was done using the algorithms TargetSan. The Beclin-1 3′-UTR reporter plasmid (pRL-Beclin-1) and mutants were purchased from Creative Biogene (Shirley, NY, USA). Co-transfection was done by Lipofectamine 3000. Cells were collected 48 hours after transfection and subjected to a dual-luciferase reporter assay (Promega, Madison, WI, USA), according to the manufacturer's instructions.
Statistical analyses
The statistical analysis was performed with the GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA), using one-way analysis of variance (ANOVA) test followed by a Turkey multiple comparison post-hoc analysis. The values were shown as mean ± standard deviation (SD). A value of p<0.05 was considered as significant after Bonferroni correction.
